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Abiotic formation of hydrocarbons within the Earth’s deep interior represents a crucial aspect of the glo-
bal carbon cycle. Understanding the process from carbonates (oxidized state) and hydrocarbons (reduced 
state), and the compositional distribution of hydrocarbons at various deep-earth pressure–temperature 
conditions are essential for improving carbon cycling models. Here we studied the chemical reactions 
among hydromagnesite, H2O, and FeO under the deep Earth conditions (10–20 GPa, 900–2100 K), 
employing diamond anvil cell coupled with laser/resistive heating techniques as well as large volume
press. The experimental results reveal a progression from saturated to unsaturated hydrocarbons with
increasing P–T conditions. More importantly, we identified ethanol and acetaldehyde in the recovered
product. This indicates that the reduction process of carbonates involves multiple intermediate processes,
and complex organic compounds can be stabilized at suitable conditions. Our study provides new
insights into the mechanisms of hydrocarbon formation in the deep Earth.
© 2026 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on 

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n

The storage, conversion and transportation of carbon in the 
deep Earth is important to understand the processes of the global
carbon cycle and predict the production of abiotic oil/gas (Molina 
and Poli, 2000; Frezzotti et al., 2011; Dasgupta, 2013; Leila et al.,
2025a, 2025b). Among these processes, the formation of deep Earth 
hydrocarbons is the key chemical reaction, and the redox reactions 
among carbon sources (such as carbonates and diamonds), hydro-
gen sources (H2 or H2O) and reductants (such as FeO) under extre-
mely high pressure and high temperature (HPHT) are highly
focused (Kutcherov and Krayushkin, 2010; McCollom, 2013). Over 
the past two decades, advances in HPHT experiments and thermo-
dynamic modeling have enabled the reconstruction of several abi-
otic hydrocarbon-forming pathways from carbonates at pressures 
up to 10–11 GPa and temperatures of 500–1800 °C, broadly corre-
sponding to crustal to upper-mantle depths (<410 km, P < 11 GPa)
(Wang et al., 2023). This study has demonstrated that CH4 and C2– 
C5 light alkanes can be synthesized from carbon sources like car-
bonates, graphite, or CO 2, hydrogen sources like H2O or H2, and
reductants like FeO or Fe, under reducing conditions consistent
with those expected in subducted slabs and upper mantle (Scott 
et al., 2004; Kutcherov et al., 2013; McCollom, 2013; Wang et al.,
2023). Within the Earth’s crust (0–30 km), the Fischer-Tropsch 
reaction (H2 +  CO2 → CH4,  H2 +  CO  → CH4) are widely recognized
as a major abiotic methane-forming process in ultramafic and
hydrothermal systems (Etiope and Sherwood Lollar, 2013). In the 
upper mantle, C1-C5 was identified in the FeO-CaCO3-H2O and 
Fe-CaCO3-H2O system at 3–11 GPa and 800–1800 K (Kutcherov 
et al., 2002; Scott et al., 2004; Kutcherov et al., 2010a, 2010b). 
CH4 can be produced from graphite-H2 mixture at 1–8 GPa and
600–1800 K (Sharma et al., 2009). Light hydrocarbons such as 
CH4,  C2H6 and C3H8 can be generated from the reaction between 
iron-bearing dolomite and water under subduction-zone P–T con-
ditions, highlighting carbonate reduction as a robust deep source of
abiotic hydrocarbons (Tao et al., 2018). 

While the generation of abiotic methane have been confirmed 
in the crust and upper mantle, the generation of hydrocarbon in 
the transition zone to lower mantle (>410 km) are still not well 
understood. Usually, this region is considered to be more reductive
compared to upper mantle and crust, with abundant hydrogen
sources (e.g., H2O and H2; Pearson et al., 2014; Hu et al., 2016,
2017; Mao et al., 2017) and carbon sources (e.g., magnesite, dia-
mond, and iron-carbon alloys; Dasgupta and Hirschmann, 2010). 
In addition to H2 produced by water–rock interaction and carbon-
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ate reduction, reduced sulfur species such as H2S and HS− also rep-
resent an important, and often overlooked, hydrogen and electron 
reservoir in deep fluids. For example, serpentinization and Fe–S– 
bearing assemblage s in ultramafic and subduction environments
commonly yield H2–H2S-rich fluids, which can buffer redox condi-
tions and participate in hydrocarbon formation or stabilization
(McCollom and Bach, 2009; Charlou et al., 2010; Colin et al.,
2020; Vitale Brovarone et al., 2020; Farsang and Zajacz, 2024). 
Although our experimental system is formally S-free, these results 
indicate that, in natural subduction-zone and mantle-wedge envi-
ronments, H2S and HS−-bearing fluids cannot be disregarded in 
terms of their contribution to hydrogen sources. Collectively, these 
conditions define a thermodynamically favorable environment for 
deep abiotic hydrocarbon formation. However, the specific reduc-
tion pathways of carbonate phases and the nature of hydrocarbon
products under transition-zone to lower-mantle P–T conditions are
still poorly understood. In addition, experimental studies indicate
that lower thermobaric limit for abiotic hydrocarbon formation is
on the order of 280–300 °C and 2–3 GPa (Mukhina et al., 2017). 
Clarifying how carbonates are reduced and how hydrocarbons 
are generated and transformed under these conditions has thus 
become a central question for both deep carbon cycling and the
potential contribution of deep abiotic hydrocarbons to Earth’s
long-term carbon budget.

In this work, we investigated the production of abiotic hydro-
carbon under the deep-earth condition by subjecting the hydro-
magnesite (4MgCO3 Mg(OH)2 4H2O)-H2O-FeO system. With 
increasing temperature and pressure, the hydrocarbon products 
transform from saturated hydrocarbons (low C/H ratio) to unsatu-
rated hydrocarbons (high C/H ratio). More importantly, ethanol
and acetaldehyde were identified as intermediate products, which
disclosed a multi-step route for the generation of abiotic hydrocar-
bon in the deep mantle, and suggests that complex organics can be
formed in deep earth at certain conditions.

2. Experimental methods

2.1. High pressure and high temperature experiments

The hydromagnesite (4MgCO3 Mg(OH)2 4H2O, was purchased 
from Rhawn chemical reagent Co., Ltd.) and ferrous oxide (FeO, 
99.6%, was obtained from Innochem) were used without further 
purification. The two powders were thoroughly mixed in a molar 
ratio of 4MgCO3 Mg(OH)2 4H2O: FeO = 1:8 to ensure homogeneity 
prior to high-pressure experiments. A series of in situ high-
pressure experiments, including Raman spectroscopy and laser/re-
sistive heating, were carried out using a symmetric diamond anvil 
cell (DAC) equipped with 300 lm culet anvils. Prior to sample load-
ing, T301 stainless steel gasket was pre-indented to a thickness of
approximately 30 lm, and a central hole with a diameter of
180 lm was drilled to form the sample chamber. Then, the sample
was first pre-indented into a flake and then loaded into the DAC. A
small amount of water was subsequently added using a micropip-
ette, followed by rapid compression to approximately 1 GPa. Pres-
sure calibration was performed using the ruby fluorescence
measurements (Mao et al., 1986). For laser heating experiment, 
the double-sided laser heating was applied using two 1070 nm 
ytterbium fiber lasers, and real-time temperature monitoring was 
achieved through coupled spectrometers. To achieve uniform heat-
ing of the samples, resistive heating was employed in high-
temperature and high-pressure experiments using a BX90 DAC
(300 lm culet), fitted with a custom-designed resistive ring heater
encircling the diamond anvils. Temperature measurements were
conducted using a K-type thermocouple affixed to the diamond,
while pressure was determined through temperature-corrected
ruby fluorescence measurements (Rekhi et al., 1999). 
2

High-pressure and high-temperature experiments were con-
ducted using a multi-anvil apparatus: a 20-MN Kawai-type press. 
We conducte d experiments using a 14/8 assembly equipped with
a rhenium heater (as shown in Supplementary Data Fig. S1 for 
schematic details) under approximately 10 GPa. For experiments, 
sintered MgO octahedra with an edge length of 14 mm were used. 
Rhenium foil (0.05 mm thick) served as the resistive heating ele-
ment, while a ZrO2 sleeve functioned as the thermal insulator.
Pressure calibration was performed using known phase transitions
in reference materials—including Bi and ZnTe at room temperature
(Chen et al., 2016; Song et al., 2021). Temperature was monitored 
with a W97Re3-W75Re25 (D-type) thermocouple. For all runs, the 
sample was enclosed in sealed Pd-Au capsules. Prior to loading, the 
mixed powders were cold-pressed into a cylindrical pellet with a 
diameter of 2.4 mm and a height of 3.6 mm. The pellet was then 
placed into the capsule, after which small amount of deionized 
water was added dropwise. The capsule was subsequently sealed 
to prevent fluid loss during high temperature and high pressure
experiments. Compression to the target pressure was performed
incrementally at a rate of ∼3 GPa per hour, followed by controlled
heating at ∼20 °C per minute until the target temperature was
reached. After maintaining the pressure for 12 h, samples were
quenched by terminating the power supply. Decompression to
ambient pressure proceeded gradually at ∼2 GPa per hour.

2.2. In situ Raman spectrosco py measurements

In this research, all Raman spectroscopy experiments were per-
formed with a Renishaw Raman microscope (RM1000), equipped 
with multiple laser sources and interchangeable diffraction grat-
ings: 1800 gr/mm (He–Ne laser, 633 nm), and 2400 gr/mm (Nd: 
YAG laser, 532 nm). Raman spectra were collected over the range
of 50–4000 cm−1 using 633 nm and 532 nm excitation lasers.
The system was calibrated by the Si line.

2.3. High-resolution gas chromatography (GC)–mass spectrometry
(MS) measurement

To analyze the composition of products obtained from the 
multi-anvil press experiments, a Thermo ScientificTM Q ExactiveTM 

gas chromatography–hybrid quadrupole–Orbitrap mass spectrom-
eter was employed. The solid product generated under high pres-
sure was dissolved in 0.5 mL of dichloromethane (CH2Cl2, HPLC 
purity, 99.9%), with a portion of the samples exhibiting solubility.
Sample injection (1 lL) was performed automatically in Split/Split-
less (S/SL) mode. To analyze the composition of gaseous products,
gas samples were extracted from the quenched Pd-Au capsule
using either a steel needle or a crushing apparatus, as shown in
Supplementary Data Fig. S2. The entire capsule was positioned 
within a sealed chamber located directly beneath the steel needle 
to ensure controlled gas release. Subsequently, a 100 lL gas sample 
was manually introduced using a gas-tight manual syringe, and the 
sample was injected into the S/SL injector. Chromatographic sepa-
ration was achieved using a TG-5SilMS capillary column (30 m × 0. 
25 mm I.D. × 0.25 lm film thickness), with high-purity helium 
(99.999%) as the carrier gas at a constant flow rate of 1.0 mL/ 
min. The GC oven was programmed to hold at 40 °C for 2 min, fol-
lowed by a linear increase to 200 °C at a rate of 5 °C/min. Both the
inlet, ion source, and transfer line temperatures were maintained
at 200 °C throughout the run. The system utilized an electron ion-
ization (EI) source set at 70 eV, and mass spectra were obtained
within the mass-to-charge ratio (m/z) range of 30–450. Data collec-
tion was managed via Thermo ScientificTM TraceFinderTM 4.0 soft-
ware. Mass spectral deconvolution and compound identification
were carried out using Thermo Scientific’s built-in deconvolution
tools, with compound assignments based on spectral matching
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against the National Institute of Standards and Technology (NIST) 
2014 and Wiley reference libraries, supplemented by high-
resolution filtering (HRF) to ensure mass accuracy and confidence
in identification.

2.4. In situ high pressure X-ray diffraction (XRD)

In situ high pressure XRD experiments were carried out at the 
High Pressure Station on beamline 4W2 of the Beijing Synchrotron 
Radiation Facility (BSRF). A monochromatic X-ray beam with a 
wavelength of 0.6199 Å was employed, and diffraction patterns 
were recorded using a Pilatus 2M detector that had been calibrated
using a CeO2 standard. The incident beamwas focused to an area of
approximately 20 lm × 30 lm. The Dioptas software was
employed to facilitate the integration of the acquired two-
dimensional XRD patterns (Prescher and Prakapenka, 2015). Riet-
veld refinement was conducted using the Jana2006 software suite 
for data analysis to determine the structure and composition of the
product, as well as to further investigate the reaction mechanism
(Petříček et al., 2014). 

3. Results 

The laser-heating experiments were performed in a diamond 
anvil cell (DAC) under three distinct pressure–temperature condi-
tions to simulate geological environments of the transition zone 
and lower mantle: 12 GPa/(1500–1800 K), 20.9 GPa/(1400– 
1600 K), and 26.8 GPa /(1700–2100 K), respectively. In all experi-
ments, the sample was first compressed to the target pressure,
heated and cooled down to room temperature for Raman experi-
ment. The system remains stable with no chemical reactions
occurring up to 27.6 GPa at room temperature, as shown in Supple-
mentary Data Fig. S3, further details are provided in the Supple-
mentary Informati on. 

For the experiment at 1500–1800 K and 12 GPa, after cooling 
down to room temperature, Raman spectra of the products were
collected, as shown in Fig. 1a. At 11.7 GPa, new peaks appeared 
at 1107 and 1624 cm−1 , which are attributed to the stretching
vibrational modes of C-C and C=C, respectively (Kudryavtsev 
et al., 2017; Read et al., 2020; Yamawak i, 2020; Li et al., 2021;
Yang et al., 2021; Xu et al., 2025). As the pressure decreases, these 
peaks are significantly enhanced and remain clearly visible. At 4.0 
GPa, a new peak appeared at 2965 cm−1 , which are attributed to 
the stretching vibrational modes of sp3 C-H. This observation 
clearly demonstrates the formation of abiotic hydrocarbons,
mainly alkanes and olefins. In situ high-pressure X-ray diffraction
(XRD) pattern of the solid product was analyzed at 1.8 GPa. Riet-
veld refinement revealed the presence of e-FeOOH, FeO, MgO,
and Mg(OH)2 within the products (Fig. 1b)  (Gleason et al., 2008;
Thompson et al., 2017). These observations indicate that the reduc-
tion of carbonates was accompanied by thermal decomposition of
4MgCO3 Mg(OH)2 4H2O and the oxidization of FeO.

Then we investigated the reaction in transition zone (P = 20.9 
GPa, T = 1400–1600 K). The Raman spectra of the products after
cooling down to room temperature as shown in Fig. 1c. The pres-
sure increased to 23.8 GPa, a broad band and some new peaks 
appeared at 1430–1660 and 2800–3250 cm−1 , corresponding to
the symmetric C=C stretching and the sp3 C-H and sp2 C-H stretch-
ing mode, respectively (Ward et al., 2018; Li et al., 2021; Xu et al.,
2025). Upon decompression, these peaks remain stable to 5.7 GPa. 
In addition, a distinct peak became obvious at 2078 cm−1 at 5.7
GPa, which is attributed to the C C stretching vibrational mode
(Hirai et al., 2009; Lobanov et al., 2013; Ward et al., 2018; Zhang
et al., 2020). These phenomena demonstrate that the system 
undergoes the redox reactions to form olefins and alkynes. At ele-
3

vated pressures and temperatures representative of lower mantle 
conditions (P = 26.8 GPa, T = 1700–2100 K, Fig. 1d), characteristic 
peaks belonging to the C=C (1440–1680 cm−1 ) and C C 
(2180 cm−1 ) stretching mode were also found in the Raman spectra 
of the products after cooling down to room temperature. Corre-
spondingly, the sp3 C-H and sp2 C-H stretching vibrations were
observed in 2874, 2987, 3108, 3226 cm−1 at 23.7 GPa and remain
stable to 5.7 GPa (Hirai et al., 2009; Lobanov et al., 2013; Ward
et al., 2018; Li et al., 2021; Xu et al., 2025). Therefore, both alkenes 
and alkynes are present among the reaction products.

We also conducted resistive heating experiment using a BX90 
DAC with T301 stainless steel gasket for comparison, which pro-
vides more even pressure and temperature conditions. The exper-
iments were conducted at P = 12.0 GPa and T = 974 K (with a 
holding time of 2 h) to explore the kinetic thresholds of hydrocar-
bon generation under high temperature and high pressure condi-
tions. At 839 K, strong fluorescence appeared in the Raman 
spectra, ind icating the staring of chemical reaction and the forma-
tion of conjugated or polycyclic aromatic species (Cloutis et al .,
2014)  (Fig. 2a). At 941 K, a new peak appeared at 1586 cm−1 , 
which is assigned to G band (Yang et al., 20 21). No additional 
peaks appeared upon further heating to 974 K and remains 2 h, 
suggesting that the reaction had completed and the system had 
stabilized. After cooling down to room temperature, the peaks 
were observed at 1614, 2956 and 3228 cm−1 , corresponding to 
the G, D + G and 2G bands, respectively. This confirms the forma-
tion of disordered graphite. Additionally, during decompression 
at 9.7 GPa, new peaks appeared at 1098 cm−1 (C –O stretching)
and 3628 cm−1 (O–H stretching), both of which disappeared
simultaneously upon reaching 0.1 GPa (Fig. 2b). This indicates 
the presence of volatile alcohols in the reaction products. Notably, 
the sample chamber wall remained sharp and well-defined with 
no observable roughening, indicating that the gasket did not 
interfere with the reaction. Compared to laser heating, resistive 
heating involves a larger heated volume and longer duration, 
which may allow generated hydrogen species to diffuse into the
gasket and escape from the reaction chamber, resulting in a net
loss of hydrogen.

To make an accurate chemical analysis of the gaseous products 
generated during the reaction, we utilized a multi-anvil apparatus 
to carry out the experiment at 10 GPa and ∼1600 K. The sample
was sealed within a Pd-Au capsule. Upon completion of the reac-
tion, the capsule was carefully punctured using a custom-
designed gas extraction apparatus (Supplementary Data Fig. S2), 
and the released gases were analyzed using gas chromatography-
mass spectrometry (GC–MS). The result revealed the presence of
acetaldehyde and ethanol (Fig. 3a and b), which are obviously 
the intermediate products in the reduction pathway from carbon-
ate to hydrocarbon. This provides experimental evidence support-
ing a stepwise reduction mechanism rather than a direct
transformation. XRD analysis of the solid residues identified gra-
phite as the predominant products, as shown in Fig. 3c.

4. Discussion 

4.1. Pressure–temperature dependency of the production of abiotic
hydrocarbon

The laser-heating DAC experiments on the hydromagnesite–Fe 
O–H2O system reveal a systematic evolution in hydrocarbon speci-
ation as pressure and temperature increase from upper-mantle to 
transition-zone and lower-mantle conditions. The experimental
results reveal a distinct trend in abiotic hydrocarbon evolution,
transitioning from saturated to unsaturated hydrocarbons as pres-
sure and temperature increase from the mantle transition zone to
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Fig. 1. Raman spectra of the product obtained by heating the system at 1400–2100 K and 12–26.8 GPa during decompression. (a) 12 GPa and 1500–1800 K; the red lines 
illustrate the spectra of the raw materials before heating at the pressure of 2.9 GPa and 12.2 GPa, using to compare the spectra after heating. New peaks are marked by the 
asterisks. The second-order Raman peak of diamond was omitted. (b) Rietveld refinement plot of the solid product at 1.8 GPa, k = 0.6199 Å. Raman spectra of the product 
obtained at (c) 1400–1600 K, 20.9 GPa and (d) 1700–2100 K, 26.8 GPa. The red lines also represent the spectra of the system before heating at the pressure of 5.3 GPa, 20.9
GPa, and 26.8 GPa. New peaks are marked by the asterisks. v: stretching vibration. The C–H stretching vibrations is decomposed into sp3 (2850–3000 cm−1; CH2/CH3

symmetric and anti-symmetric stretching), sp2 (3000–3250 cm−1; =C–H stretching). The broad band marked by black rhombus at ∼2500 cm−1 corresponds to the second-
order Raman peak of diamond. arb. units: arbitrary units.
the lower mantle. This is consistent with theoretical predictions
and previous experimental findings (Kenney et al., 2002; Spanu
et al., 2011; Lobanov et al., 2013; McCollom, 2013). First-
principles molecular dynamic simulation has calculated that 
methane can undergo thermodynamically favorable transforma-
tions into advanced alkanes such as ethane and propane, accompa-
nied by the release of H2 under 2–300 GPa, 800–5000 K (Ancilotto 
et al., 1997; Kenney et al., 2002; Spanu et al., 2011). As tempera-
ture and pressure rise, the system tends to accumulate H2 and pref-
erentially forms more complex hydrocarbons (Spanu et al., 2011). 
This thermodynamic tendency has been corroborated by various 
experimental research. CH4 was reported to polymerize into 
C2H6 – C4H10 at 2–5 GPa and 1000–1500 K (Kolesnikov et al.,
2009), and alkenes, alkynes and unsaturated carbon chains at
10–80 GPa above 1100 K (Hirai et al., 2009; Lobanov et al.,
2013), or diamond at 2000–3000 K and 10–50 GPa (Benedetti 
et al., 1999). These findings indicate a general trend that small 
organic molecules undergo polymerization or carbonization under 
high temperature and high pressure conditions (T > 1000 K, P > 2
GPa), resulting in the formation of complex hydrocarbons or
carbon-rich species, such as graphite and diamond.
4

4.2. Stepwise carbonate reduction and the r ole of alcohol/aldehyde
intermediates

Our resistive-heating DAC run at 12 GPa and 974 K provides a com-
plementary perspective at lower temperature. The development of 
strong fluorescence, followed by the appearance of G, D + G and 2G 
bands, implies the formation of disordered graphite. This behavior is 
in line with the notion that, once conjugated p-bonded networks, pro-
gressive dehydrogenation under HPHT conditions drives the system 
toward pure carbon phases. At the same time, peaks at ∼1098 and 
3628 cm−1 , which disappear upon full decompression, are consistent 
with volatile alcohol species. The coexistence of disordered graphite 
and alcohols in the quenched products shows that the carbonate– 
H2O components have undergone reduction and dehydrogenation. 
The presence of disordered graphite in the solid products confirms that 
as f(H2) decreases due to permeation, the system thermodynamically 
favors the formation of carbon-rich compounds. This observation aligns
with the dehydrogenation-driven carbonization pathway anticipated
under HPHT conditions. On the other hand, the presence of alcohols
in the products suggests that the reduction of carbonate to hydrocar-
bon may occur through a multi-step mechanism, involving the forma-
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Fig. 2. Raman spectroscopy of the resistance heating experiment. (a) Raman spectra of the system with increasing temperature at 12.0 GPa. The black lines represent the 
spectra of the raw materials before heating, using to compare the spectra after heating. New peaks are marked by the asterisks. (b) Raman spectra of the products during
decompression. m: stretching vibration. The second-order Raman peak of diamond was omitted. arb. units: arbitrary units.
tion of alcohol intermediate prior to further reduction. These findings 
not only enhance our understanding of abiotic hydrocarbon generation 
pathways but also imply that hydrocarbon formation in the deep Earth 
may involve more complex multistage redox processes rather than a 
single-step transformation pathway. Overall, the combined DAC results  
indicate that in deep mantle environments, carbonate-derived hydro-
carbons a re thermodynamically and kinetically predisposed to evolve
from saturated molecules toward unsaturated, conjugated and ulti-
mately carbonized products.

In the large-volume multi-anvil experiment at 10 GPa 
and ∼1600 K, GC–MS analysis of the recovered gases identifies etha-
nol and acetaldehyde, while XRD of the solid residue reveals graphite 
as the dominant carbon phase. Taken together, these observations 
support a stepwise reduction pathway in which carbonate-derived 
oxidized carbon is converted into oxygenated intermediates (alco-
hols/aldehydes) prior to full deoxygenation and carbonization. 
Importantly, the coexistence of oxygenated organics and graphite 
indicates that hydrogen and oxygen are redistributed during reaction 
progress, rather than directly forming hydrocarbons. These results 
not only elucidate a potential possible reaction pathway involving 
carbonate reduction through aldehydes and alcohol intermediates 
but also underscore the thermodynamic favorability of 
dehydrogenation-carbonization processes under deep Earth condi-
tions, particularly in the closed or semi-closed systems where hydro-
gen permeation is facilitated. In the DAC experiments, the hydrogen 
can diffuse out of the sample chamber into the gasket. The formation 
of graphite demonstrated that progressive dehydrogenation, which 
drives the system from alcohol/aldehyde-bearing fluids toward 
carbon-rich solid products. The differences between the LVP and 
DAC results are mainly due to the variations in sample volume and 
detection methods. The multi-anvil press enables l arger sample vol-
umes, thereby increasing the quantity of aldehydes (e.g., acetalde-
hyde) compared with DAC experiments. In contrast, the DAC
chamber contains orders-of-magnitude less material, and the signals
of minor oxygenated intermediates may fall below detection thresh-
olds of Raman spectrometer, even if they are produced. Importantly,
alcohols were detected in both the multi-anvil and DAC experiments,
indicating that oxygenated species are not exclusive to the Pd–Au
capsule runs and supporting a common reaction pathway involving
5

oxygen-bearing organics. Overall, carbonate reduction proceeds 
through oxygenated intermediates and evolves toward carbon-rich 
products under HPHT conditions, while the apparent discrepancies 
primarily reflect differences in sample size and detection sensitivity, 
rather than fundamentally different reaction mechanisms.

Through a systematic summary of known abiotic hydrocarbon 
formation systems, we identify the reduction of carbonate miner-
als as one of the primary pathways for generating hydrocarbons
in transition zone and lower mantle (Kutcherov et al., 2010a,
2010b; McCollom, 2013; Sonin et al., 2014; Mukhina et al., 2017;
Tao et al., 2018). Under high pressure and reducing environment, 
CO2 generated by the decomposition of carbonates reacts with 
hydrogen (it is generated by the reduction of H2O) to gradually
transform into hydrocarbons through redox reactions. By combin-
ing historical data with the analysis of the products of this exper-
iment (Kutcherov et al., 2010a, 2010b; McCollom, 2013; Sonin
et al., 2014; Mukhina et al., 2017; Tao et al., 2018), a compositional 
diagram of C–H–O system was constructed that delineate s the
reaction pathway from carbonates to hydrocarbons (Fig. 4). The 
reduction of carbonates to hydrocarbons is not a one-step process 
but undergoes a series of complex intermediate transformation 
processes with alcohols and aldehydes identified as intermediate. 
These findings not only provide key evidence supporting multi-
step abiotic hydrocarbon formation but also enhances our under-
standing of deep Earth carbon cycling, suggesting that the pivotal
role of alcohols and aldehydes in regulating deep carbon migration
and transformation cannot be ignored.

4.3. Comparison with previous carbonate–fluid experiments and 
implication s for the deep carbon cycle

Tao et al. investigated Fe-bearing carbonates reacting with 
water at 1–6 GPa and 600–1200 °C, and showed that CH4,  C2H6 

and C3H8, together with graphite and magnetite, can be produced 
under conditions representative of cold subduction. Their experi-
ments, complemented by observations from natural carbonated
eclogites, indicate that Fe-carbonate reduction is an efficient
source of abiotic light hydrocarbons in the crust–upper mantle sys-
tem (Tao et al., 2018).

move_f0020
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Fig. 3. The products obtained in the large −volume press experiment. (a) and (b): 
Mass spectrum of the gaseous products. (c) Rietveld refinement plot of the solid 
product, which indicating the formation of graphite. BN signals originate from the
boron nitride parts used in the LVP assembly. NIST: National Institute of Standards
and Technology.

Fig. 4. The compositional diagram of C-H-O system. The black squares represent 
hydrocarbons, the blue squares represent oxygen-containing compounds, the red
circles represent ethanol and acetaldehyde obtained in this experiment. HTHP: high
temperature and high pressure.
Our hydromagnesite–FeO–H2O experiments presented here 
extend this framework in three important ways. First, we explore 
higher pressures and temperatures (10–27 GPa, 900–2100 K), cover-
ing the mantle transition zone and lower mantle, thereby demon-
strating that carbonate-derived hydrocarbons and carbon-rich 
phases can also form and evolve in much deeper reservoirs. Second, 
our system yields not only CH-bearing alkanes but also abundant 
unsaturated hydrocarbons (olefins and alkynes) and conjugated car-
bon structures at the higher P–T conditions, consistent with the pre-
dicted shift from simple molecules toward more polymerized and 
carbonized products in the deep mantle. Third, the detection of etha-
nol and acetaldehyde provides evidence for oxygenated intermedi-
ates in the reduction of carbonate to hydrocarbons, adding a
mechanistic layer that was not captured in most previous studies.

Overall, our study supports a view of the deep Earth in which 
carbonate reduction, mediated by Fe-bearing minerals and H2O-
rich fluids, can generate not only methane and light hydrocarbons 
but also a continuum of oxygenated intermediates and carbon-rich
solids. This multistage pathway broadens the range of deep carbon
reservoirs and transport forms, and refines the mechanistic link
6

between subducted carbonates, abiotic hydrocarbons, and 
carbon-bearing phases stored or recycled in the transition zone
and lower mantle.

5. Conclusi on

In summary, the experimental investigation demonstrates that 
4MgCO3 Mg(OH)2 4H2O-FeO-H2O system could generate a variety 
of abiotic hydrocarbons under high temperature and high pressure 
conditions correspond to the Earth’s mantle transition zone and 
lower mantle. Raman spectroscopy, XRD, and GC–MS analyses col-
lectively reveal that as pressure and temperature increase, the 
hydrocarbon products evolve progressively from saturated alkanes 
to unsaturated hydrocarbons (alkenes, alkynes) or carbon-rich 
phases such as graphite. Our results identified disordered graphite, 
alcohol and aldehyde intermedi ates, which demonstrates a multi-
step reduction mechanism, in which carbonates are initially
reduced to oxygen-containing compounds (aldehydes or alcohols),
followed by deoxygenation to form hydrocarbons. These findings
provide compelling experimental evidence for the feasibility of
abiotic hydrocarbon formation in the deep Earth. Our research
has made significant contributions to a broader understanding of
deep carbon reservoirs and highlights the potential for previously
unexplored abiotic hydrocarbon sources in Earth’s interior.
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Petříček, V., Dušek, M., Palatinus, L., 2014. Crystallographic computing system
JANA2006: general features. Z. Kristallogr. Cryst. Mater. 229, 345–352. 

Prescher, C., Prakapenka, V.B., 2015. DIOPTAS: a program for reduction of two-
dimensional X-ray diffraction data and data exploration. High Press. Res. 35 (3),
223–230. 

Read, L.Q., Spender, J.E., Proctor, J.E., 2020. Raman spectroscopy of ethane (C2H6)  to  
120 GPa at 300 K. J. Raman Spectrosc. 51 (11), 2311–2317. 

Rekhi, S., Dubrovinsky, L.S., Saxena, S.K., 1999. Temperature-induced ruby
fluorescence shifts up to a pressure of 15 GPa in an externally heated
diamond anvil cell. High Temp. High Press. 31, 299–305. 

Scott, H.P., Hemley, R.J., Mao, H.K., Herschbach, D.R., Fried, L.E., Howard, W.M.,
Bastea, S., 2004. Generation of methane in the Earth’s mantle: in situ high
pressure–temperature measurements of carbonate reduction. Proc. Natl. Acad.
Sci. U.S.A. 101 (39), 14023–14026. 

Sharma, A., Cody, G.D., Hemley, R., 2009. In situ diamond-anvil cell observations of
methanogenesis at high pressures and temperatures. Energy Fuels 23 (11),
5571–5579. 

Song, W., Shan, S., Tang, Q., Su, C., Liu, Y., 2021. Pressure calibration and sound
velocity measurement to 12 GPa in multi-anvil apparatus. Acta Geochim. 40,
525–531. 

Sonin, V.M., Bul’bak, T.A., Zhimulev, E.I., Tomilenko, A.A., Chepurov, A.I., Pokhilenko,
N.P., 2014. Synthesis of heavy hydrocarbons under P-T conditions of the Earth’s
upper mantle. Dokl. Earth Sci. 454, 32–36. 

Spanu, L., Donadio, D., Hohl, D., Schwegler, E., Galli, G., 2011. Stability of
hydrocarbons at deep Earth pressures and temperatures. Proc. Natl. Acad. Sci.
U.S.A. 108 (17), 6843–6846. 

Tao, R., Zhang, L., Tian, M., Zhu, J., Liu, X., Liu, J., Höfer, H.E., Stagno, V., Fei, Y., 2018.
Formation of abiotic hydrocarbon from reduction of carbonate in subduction
zones: Constraints from petrological observation and experimental simulation.
Geochim. Cosmochim. Acta 239, 390–408. 

Thompson, E.C., Campbell, A.J., Tsuchiya, J., 2017. Elasticity of e-FeOOH: Seismic
implications for Earth’s lower mantle. J. Geophys. Res. Solid Earth 122 (7),
5038–5047. 

Vitale Brovarone, A., Sverjensky, D.A., Piccoli, F., Ressico, F., Giovannelli, D., Daniel, I.,
2020. Subduction hides high-pressure sources of energy that may feed the deep
subsurface biosphere. Nat. Commun. 11, 3880.

https://doi.org/10.1016/j.gsf.2026.102294
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0005
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0005
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0005
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0010
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0010
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0010
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0010
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0015
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0015
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0015
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0015
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0015
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0015
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0015
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0015
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0015
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0020
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0020
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0030
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0030
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0030
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0035
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0035
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0040
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0040
http://refhub.elsevier.com/S1674-9871(26)00048-4/optzaDxjtnysQ
http://refhub.elsevier.com/S1674-9871(26)00048-4/optzaDxjtnysQ
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0045
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0045
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0050
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0050
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0050
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0055
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0055
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0060
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0060
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0060
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0065
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0065
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0065
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0065
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0070
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0070
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0070
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0075
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0075
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0075
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0075
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0080
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0080
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0080
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0085
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0085
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0085
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0090
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0090
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0090
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0095
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0095
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0095
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0100
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0100
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0100
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0105
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0105
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0105
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0105
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0110
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0110
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0115
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0115
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0115
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0115
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0120
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0120
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0120
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0120
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0125
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0125
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0125
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0125
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0135
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0135
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0135
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0140
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0140
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0140
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0145
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0145
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0145
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0150
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0150
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0150
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0155
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0155
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0160
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0160
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0160
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0160
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0160
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0165
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0165
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0165
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0170
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0170
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0170
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0170
http://refhub.elsevier.com/S1674-9871(26)00048-4/optZAnFG9Ctny
http://refhub.elsevier.com/S1674-9871(26)00048-4/optZAnFG9Ctny
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0175
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0175
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0175
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0180
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0180
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0180
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0180
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0185
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0185
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0185
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0190
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0190
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0190
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0190
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0195
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0195
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0195
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0200
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0200
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0200
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0205
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0205
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0205
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0210
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0210
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0210
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0215
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0215
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0215
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0215
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0220
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0220
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0220
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0225
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0225
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0225


J. Xu, Y. Wang, D. Gao et al. Geoscience Frontiers 17 (2026) 102294
Wang, C., Tao, R., Walters, J.B., Ren, T., Nan, J., Zhang, L., 2023. Deciphering the origin
of abiotic organic compounds on Earth: review and future prospects. Acta Geol.
Sin. 97 (1), 288–308. 

Ward, M.D., Huang, H.T., Zhu, L., Biswas, A., Popov, D., Badding, J.V., Strobel, T.A.,
2018. Chemistry through cocrystals: pressure-induced polymerization of
C2H2 C6H6 to an extended crystalline hydrocarbon. Phys. Chem. Chem. Phys.
20 (10), 7282–7294. 

Xu, J., Lang, P., Liang, S., Zhang, J., Fei, Y., Wang, Y., Gao, D., Hattori, T., Abe, J., Dong,
X., Zheng, H., Li, K., 2025. Solid-state Alder-Ene reaction of 1-hexene under high
pressure. J. Phys. Chem. Lett. 16 (10), 2445–2451. 
8

Yamawaki, H., 2020. Raman spectroscopy of solid-phase n-dodecane and me thyl oleate
under high pressure. Spectrochim. Acta A: Mol. Biomol. Spectrosc. 227, 117756. 

Yang, X., Li, Y., Wang, Y., Zheng, H., Li, K., Mao, H.K., 2021. Chemical transformations
of n-hexane and cyclohexane under the upper mantle conditions. Geosci. Front.
12 (2), 1010–1017. 

Zhang, P., Tang, X., Wang, Y., Wang, X., Gao, D., Li, Y., Zheng, H., Wang, Y., Wang, X.,
Fu, R., Tang, M., Ikeda, K., Miao, P., Hattori, T., Sano-Furukawa, A., Tulk, C.A.,
Molaison, J.J., Dong, X., Li, K., Ju, J., Mao, H.K., 2020. Distance-selected
topochemical Dehydro-Diels-Alder reaction of 1,4-diphenylbutadiyne toward
crystalline graphitic nanoribbons. J. Am. Chem. Soc. 142 (41), 17662–17669.

http://refhub.elsevier.com/S1674-9871(26)00048-4/h0230
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0230
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0230
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0235
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0235
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0235
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0235
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0235
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0235
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0235
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0235
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0240
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0240
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0240
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0245
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0245
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0250
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0250
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0250
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0255
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0255
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0255
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0255
http://refhub.elsevier.com/S1674-9871(26)00048-4/h0255

	Abiotic hydrocarbons via hydromagnesite–FeO redox reactions
	1 Introduction
	2 Experimental methods
	2.1 High pressure and high temperature experiments
	2.2 In situ Raman spectroscopy measurements
	2.3 High-resolution gas chromatography (GC)–mass spectrometry (MS) measurement
	2.4 In situ high pressure X-ray diffraction (XRD)

	3 Results
	4 Discussion
	4.1 Pressure–temperature dependency of the production of abiotic hydrocarbon
	4.2 Stepwise carbonate reduction and the role of alcohol/aldehyde intermediates
	4.3 Comparison with previous carbonate–fluid experiments and implications for the deep carbon cycle

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References




